RESULTS
Our results show an association between longevity and infant mortality among the children of the Sardinians who survived to become centenarians. Infant mortality is significantly lower for children belonging to a mother born and living in Sassari and Oristano than Nuoro, close to each other and both located on the Western coast.
Introduction
In a previous descriptive analysis of data coming from the Sardinian AKeA2 10 survey, a lower number of deaths in the first year of life was observed among the children of women who survived to become centenarians (Lipsi et al. 2015) . As was pointed out, for centenarian women, 79 per 1000 of offspring died in the first year of life (infant mortality rate). In contrast, among the offspring of the controls in the same cohorts as the centenarians who died in their 60s or 70s, the infant mortality rate was 118-172 per 1000. Centenarian women also presented a lower infant mortality rate among their children than did women belonging to younger cohorts, particularly for those born between 1911 and 1916. A similar pattern was found for male counterparts (Lipsi et al. 2015) . These results suggest a possible familial transmission of a lower mortality from parents to children, produced by shared genetic or socio-cultural factors (Perls, Albert, and Fretts 1997; Doblhammer 2000; Invidia et al. 2010) .
Sardinia has been characterized by the patriarchal structure of the family, by high and late fertility, and by the persisting tendency to postpone marriage and childbearing (Livi Bacci 1977; Astolfi, Ulizzi, and Zonta 2002, Astolfi et al. 2009 ). Approximately until the First World War, Sardinia also had the lowest infant (and especially neonatal) mortality rates recorded in Italy, and stillbirth rates lower than the national average Gatti 2002 ) even though the maternal mean age at birth was particularly high . After this period, Sardinia continued to have lower infant mortality rates, but not the lowest one.
For women, it is well known that childbearing and neonatal mortality are generally affected by the mother's age at birth or by the birth order of the child (Nault, Desjardins, and Legare 1990; Dollberg et al. 1996; Astolfi, Ulizzi, and Zonta 2002; Joseph et al. 2005; Astolfi et al. 2009; . Previous studies of Sardinian women of reproductive age showed that in the areas of central-eastern Sardinia with a high prevalence of centenarians, late maternity is relatively common and perinatal and infant mortality is relatively low Contini et al. 1989; Cavalli-Sforza et al. 1994) . Furthermore, using data from the last decades of the 20th century, it was found that the maternal age of Sardinian women does not significantly affect neonatal and infant mortality (Astolfi et al. 2009; . So far, to our knowledge, there has been no study of the relationship between a woman's longevity and infant mortality in her children.
Referring to the multidisciplinary and multipurpose survey AKeA2, and focusing on family genealogy data on centenarian women and controls, this paper aims to verify the hypothesis that maternal longevity is associated with lower infant mortality in offspring after having controlled for fertility characteristics, familial longevity and some contextual variables.
Data and methods
In the AKeA2 survey, 204 centenarians born between 1890 and 1904 (98 men and 106 women), in 126 municipalities throughout the island (out of the 377 Sardinian municipalities) were selected 11 . For the controls, 3 corresponding individuals for each centenarian born between 1905-1910, 1911-1916 and 1918-1925 (namely "Younger cohorts") and who were 80-95 years of age at the beginning of our study in 2004 -i.e., contemporaneous to centenarians -were selected (living controls). The survey also involved an additional 2 individuals for each centenarian from the same cohort (namely "Same cohorts as centenarians") who died in their late 60s (60-69 years) and late 70s (70-79 years) (dead controls).
In particular, for centenarian women and controls, the following variables, among the 20 available demographic characteristics, were collected: date of birth; date of death (if applicable); number and birth dates of their children; number of siblings and their birth order; and parents' date of birth and death.
Full information (100%) is available for all individuals -centenarians and controls -regarding year and place of birth, date and place of death (if deceased), and sex and number of children. For all other demographic characteristics used in the analysis the completeness ranges from 84% to 95% (Lipsi et al. 2015) .
For each sampled individual we also collected information on his or her educational level and occupation during active life. Unfortunately, it was not possible to include these variables in our analysis due to a great number of missing data and very low variability: as regards education, there is no information for 75.7% of subjects, and more than 20% were illiterate or had only 'some years of school'. As regards 11 The description of the survey, the data collection details and some analysis of the data, have been presented in Lipsi et al. (2015) . occupation, 87.7% of women were housewives and 81.0% of men were shepherds or farm-workers.
For our purpose, we considered vital information of all infants, listed by centenarians and controls, to determine their mortality status at 0-1 year. In AKeA2 survey, about 71.4% of the women (N= 594) had at least one child, for a total of 2,228 infants. The association between infant mortality and maternal longevity was assessed using a multivariate Poisson Regression Model with robust estimates, which is suitable for estimating consistently and efficiently the relative risk when binary data are used Lee, Chuen, and Kee 2009) . Thus, differences in infant mortality rate between the three cohorts of mothers were modeled by averaging the number of children who died at 0-1 year for the length of exposure (one year for each sampled woman's birth). As a result, the model allowed us to compare differences in the risk of dying at age 0-1 between children born to mothers who became centenarians with those born to the two other cohorts. Since information on age at death and/or age at birth, as well as maternal age at birth, which could be relevant "confounders," was not available for all children, a sensitivity analysis of the baseline model was carried out to evaluate the effects of misclassified death on the investigated association.
In particular, the baseline analysis (Scenario A) is based on 1,672 infants, which belong to families with the above-mentioned information available for all reported children. Thus, a total of 217 children were excluded due to missing information on their mortality status (total children=194) or on maternal age at birth (total alive children=22; total dead children=1) while an additional 339 children (total living children=298; total dead children= 41) were not included in the baseline scenario because they were siblings of those who had been excluded (Table 1) .
Since we also excluded children with available information on mortality status, a sensitivity analysis was performed on the 2228 total children, to take into account the complete distribution of living and dead children among mother cohorts. Moreover, the following two hypotheses were assumed for the 194 children with unknown mortality status. The first one assumes that all children with missing information are alive (Scenario B), while the second one assumes they are dead (Scenario C).
In each of the three analyses, we considered both unadjusted and adjusted risks (Incidence Rate Ratio: IRR). The remaining covariates were the year of birth of each child, his or her birth order, number of his or her siblings, mother and father's age at birth, and grandmother's age at death. In addition, we considered two contextual variables suggested by the literature to be influential: altitude and province of the mother's place of birth. (Caselli and Lipsi 2006; Breschi at al. 2007; Astolfi et al. 2009; .
Statistical analyses were performed by means of STATA v. 11 procedures. 
Results
In the baseline analysis (Scenario A), the most important result concerned the significant lower infant mortality level among children of centenarian women compared to children of a mother of the same cohort as the centenarians, but who died between 60-79 years (Table 2) . According to the main literature (Nault, Desjardins, and Legare 1990; Dollberg et al. 1996; Joseph et al. 2005) , infant mortality increases with the number of siblings, although the first child tends to exhibit a higher infant mortality than succeeding children. By contrast, maternal age at birth has no significant protective effect on infant mortality, as Astolfi et al. (2009) have pointed out in analyzing more recent Sardinian data. Meanwhile, a previous analysis of the association between longevity and fertility (Caselli et al. 2013 ) has found, in line with other studies, that in Sardinia, having the last child at advanced ages produced a protective effect on the mother's survival (Hamilton 1966; Charlesworth and Charlesworth 1980; Kirkwood and Rose 1991; Perls, Albert, and Fretts 1997; Cooper and Sandler 1998; Müller et al. 2002; McArdle et al. 2006 ). We could conclude that, referring to the AKeA2 study, late fertility has a significant positive effect on maternal survival but not on her children's mortality.
Infant mortality is significantly lower for children belonging to a mother born and living 12 in Sassari and Oristano than Nuoro, close to each other and both located on the Western coast. Younger Cohorts (1905 Cohorts ( -1910 Cohorts ( , 1911 Cohorts ( -1916 Cohorts ( , 1918 Cohorts ( -1925 The sensitivity analysis confirms the main baseline results (Tables 3 and 4) , indicating the effects of the birth order and the number of siblings on infant mortality level. In particular, Scenario B shows a significant increase in infant mortality starting from the fourth brother or sister. Nevertheless, some peculiarities highlighted by the results of the two models refer to the unadjusted IRR. Particularly in Scenario B, the infant mortality level of centenarians' children is also lower than that of the younger cohorts' children, while in Scenario C, in which we assume that the 194 children without information are dead, the infant mortality level of younger cohorts' children is significantly lower than that of centenarians. Of course this result is due, at least in part, to the higher number of infant deaths included in the last scenario, which especially involves the children of centenarian women. (1905-1910, 1911-1916, 1918-1925 (1905-1910, 1911-1916, 1918-1925 
Discussion and conclusion
Our research question asked if maternal longevity was associated with lower infant mortality in offspring. Controlling for fertility characteristics, age of mother at death, and other contextual variables, our study seems to confirm the results of previous descriptive analyses, showing a significant lower infant mortality among the children of the Sardinians who survived to become centenarians. Specifically, we found a significantly higher risk of infant mortality among children born to those women belonging to the same cohorts as the centenarians, but who died before reaching 80 years old. The fact that significant differences in infant mortality are found only for these oldest cohorts could provide an important support for our result. In particular, by comparing the same cohorts, we can conjecture that the differences observed do not depend on different quality in the data for infant deaths, and in particular on a different attitude to registering a birth following an infant's immediate death. The criterion of "legal viability" had been in force in Italy from the end of the 19th century until 1970. Newborn babies were regarded as living if they gave signs of viability up to the moment of being registered (to be done within 5 days of birth). Those who died before being registered were to be regarded as stillborn babies from a legal point of view and, consequently, their birth record as well as their death record do not exist. While the oldest cohorts (the centenarians) may well have been less sensitive to the question of registering the birth and death of their children than the younger cohorts (living controls) leading to a possible underestimation of the infant mortality of their children, it is unlikely that these underestimations discriminated between individuals who became centenarians and those of the same cohort who died before reaching 80 years.
Moreover, even it was not possible to account for some relevant socio-economic and/or genetic factors, our result could raise many questions about the potential determinants affecting the lower infant mortality of the children born to our centenarian women.
Is it possible that the genes favoring an individual's longevity may also transmit robustness to their progeny? And again, can territorial characteristics that favor the longevity of individuals also have a positive impact on their children surviving infancy?
Since we are not able to control for individual genetic factors, we have controlled for the longevity of the grandmother too. Unfortunately, our results did not find a significant association between infant mortality and the grandmother's age at death.
In order to evaluate possible protective genetic factors stemming from the territorial level, Astolfi et al. (2009) estimated, for the period 1850-1969, the consanguinity level by the percentage of consanguineous marriages and the average inbreeding coefficients in Sardinia (Moroni et al. 1972 , Cavalli-Sforza et al. 2004 ). Both estimates presented higher values in internal/mountainous areas, where the presence of centenarians was higher . They suggested an association between the propensity to marry within the same familial group and the aptitude for late and successful maternity. Other Sardinian genetic traits may explain the underlying association, such as the abnormal frequencies of the Y chromosome and mtDNA (Cavalli-Sforza et al. 1994; Carru et al. 2003; Pes et al. 2004; Astolfi et al. 2009) or some mutations of the genetic makeup partially determined by endemic malaria in the past (Modiano et al. 1986; Caglia et al. 1997) . The AkeA researchers found that the gene pool in the Sardinians of the particularly remote mountainous region is relatively small (Carru et al. 2003; Pes et al. 2004) . For example, the local people have small red blood cells, which is thought to protect them against malaria and help prevent blood clots (Kosoy et al. 2011) . Our results from Scenario C showed that infant mortality in Sardinia is lower in the mountainous areas where a large part of our centenarians mainly come from.
Other explanations could be proposed. Might the socio-economic and cultural factors that are behind the longevity of centenarians be partly the same as those protecting their offspring? Theoretically, a woman who protects her own health and survival by her behavior will also protect the health of her offspring, both directly (as she is in a better state of health at the time of childbearing) and indirectly (as she is more careful of her children's health). Practically, Sardinian centenarian women and their controls are an exceptionally homogenous group in terms of occupational and educational status: they were housewives whose education was either non-existent or went no further than primary school. The socio-occupational status of their husbands is unknown, but the men in the oldest cohorts living in internal areas were usually either peasants or shepherds, following an age-old tradition handed down from parent to child. In view of the role that socio-occupational and educational factors play in infant mortality studies, these are not discriminatory factors in our study of Sardinian centenarians.
Probably, the women's eating habits and familial conditions are represented by other factors not identified in our survey, e.g. just as being or not being the owner of a flock could be a discriminating condition between rich and poor individuals.
In order to better distinguish genetic from contextual determinants, it would be important to measure the evolution of the risk of death at specific stages during the first year of life, distinguishing in particular the early neonatal mortality rates (dying in the first month of life) which are more influenced by genetic factors as well as by maternal health. In our sample, we observed a similar proportion of early deaths (43% of children died in the first month of life) and post neonatal deaths (47% of children died from two months to 1 year) partially due to the above-mentioned under-registration of births and deaths in the first week of life. Thus, in considering the low number of total deaths, we were, unfortunately, unable to make a distinct analysis of each infant mortality component.
However, as longevity, reproductive behavior and infant mortality, broadly speaking, are the outcome of various factors of a genetic or external nature, our results suggest, as do Astolfi et al. (2009) , that Sardinia might be a candidate for in-depth studies on the association of longevity and reproductive longevity, including the positive infant survival (lower infant mortality) of the offspring of long-lived women.
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